Marchetti and Wyrobek

DNA REPAIR DECLINE DURING MOUSE SPERMIOGENESISRESULTSIN THE

ACCUMULATION OF HERITABLE DNA DAMAGE

Francesco Marchetti and Andrew J. Wyrobek

Biology and Biotechnology Research Program, Lawrence Livermore Nbtiabaratory,
Livermore, CA 94550, USA; Life Sciences Division, Lawrence BerkeleyoNal Laboratory,

Berkeley, CA 94720

Corresponding author:

Dr. Francesco Marchetti,

Life Sciences Division, MS74R0157,
Lawrence Berkeley National Laboratory,
1 Cyclotron Road, Berkeley CA 94720
Telephone: (510) 486-7352;

Telefax: (510) 486-6619

e-mail: fmarchetti@Ibl.gov

Key word: diepoxybutane, zygote, chromosomal aberrations

Prepared for submission to DNA Repair



Marchetti and Wyrobek

ABSTRACT

The post-meiotic phase of mouse spermatogenesis (spermiogenesiysisnaive to
the genomic effects of environmental mutagens because as male geffioriceitsature sperm
they progressively lose the ability to repair DNA damage. We hypothebiaepeated
exposures to mutagens during this repair-deficient phase result in the satoamuoifl heritable
genomic damage in mouse sperm that leads to chromosomal aberrations is aftgote
fertilization. We used a combination of single or fractionated exposures to diepmgEB),
a component of tobacco smoke, to investigate how differential DNA repair effieseduring
the three weeks of spermiogenesis affected the accumulation of DEB-indutssldhdamage
in early spermatids (21-15 days before fertilization, dbf), late spetendis-8 dbf) and sperm
(7- 1 dbf). Analysis of chromosomal aberrations in zygotic metaphases udiNg/BPAPI
showed that late spermatids and sperm are unable to repair DEB-induced DNA damage
demonstrated by significant increases (P<0.001) in the frequencies of zyghtesramosomal
aberrations. Comparisons between single and fractionated exposures suggestedia
repair-deficient window during late spermiogenesis may be less thamde®ks in the mouse
and that during this repair-deficient window there is accumulation of DNA damagerm.
Finally, the dose-response study in sperm indicated a linear response for bethrsingpeated
exposures. These findings show that the differential DNA repair capacity ehpastic male
germ cells has a major impact on the risk of paternally transmitted hemainage and suggest
that chronic exposures that may occur in the weeks prior to fertilizationdseofoccupational
or lifestyle factors (i.e, smoking) can lead to an accumulation of genetiaggain sperm and

result in heritable chromosomal aberrations of paternal origin.
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INTRODUCTION

Spermatogenesis is a complex differentiating system that is initrat@dstem cells
through division of spermatogonia to form spermatocytes (meiotic cells), whechvab
meiotic divisions give rise to haploid spermatids (postmeiotic cells) [1]nDdine last phase of
spermatogenesis, also known as spermiogenesis, haploid spermatids undergo major
morphological changes to form mature spermatozoa [2, 3]. The somatic and meimtieshas
spermatids are replaced ~14 days before ejaculation in the mouse (~21 days ir) titmans
basic transition proteins [4] and then with protamines, which are arginine-ricmgrtitat
condense the chromatin to a level that is 6 times more compacted than that obsenattin mit
chromosomes [5] and causes the DNA to become transcriptionally inactive andsitzede
DNA repair proteins [6]. The process requires a profound change in DNA topology that involves
the introduction of many single and double strand breaks to eliminate negative $ingegizoi
7]. Transition proteins are thought to play an important role in assuring the propeofepase
breaks by bringing broken DNA fragments into close proximity [5] and theredsrese that
they can stimulate DNA repair following genotoxic insults and contributeaiotaining the
integrity of the male genome [5, 8-10].

It is well established that postmeiotic male germ cells are exyesmesitive to the
induction of heritable genomic damage. Over fifty years of germ cell engsg have shown
that the majority of mutagens induce their highest effect during the astdeks of
spermatogenesis before fertilization [11, 12]. The high sensitivity of thmpimgic period to
mutagenic exposure has been associated with the reduced DNA repaiyaHpgate spermatids
and sperm as compared to early spermatids and other spermatogenic cell tygsAll3

major DNA repair pathways seem to be less functional in late spermatidparm [17-20].
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This inability of sperm to repair DNA lesions as they occur may make theioubearly
susceptible to repeated exposures that take place because of occupatianatyde lie.g.
tobacco smoking) reasons. These observations suggest that genomic damage indeced in la
spermatids and sperm may accumulate in the fertilizing sperm and be tradgmthe embryo.
The analysis of paternal chromosomes at the metaphase plate of thedvsigel
division (1-Cl) provides the earliest time after fertilization whererpatechromosomes can be
investigated by classic cytogenetic methods [12, 21]. At least 16 male giékmutagens have
been shown to increase chromosomal aberrations in mouse zygotes after exposuresatjgostm
male germ cells [12]. These mutagens have a variety of mechanism®po$actcluding DNA
alkylation, protein alkylation, and DNA cross-linking, yet, they all produceuhst exclusively
chromosome-type aberrations, i.e., affecting both sister chromatids, atdt&plhase. Although
it is still unclear why this is the case, these consistent observation®ofasome-type
aberrations prove that double strand breaks (DSBs) are an obligatory step in thamyafes
sperm lesions into chromosomal aberrations at 1-Cl metaphase. It was pobshalbprotamine
adducts may be the primary type of damage induced in postmeiotic cells layiatkggents and
that adducted protamines create physical stresses in the chromatin steactungto DSBs
before fertilization [22]. Alternatively, adducted protamines may bactdry to removal from
DNA during pronuclear formation in the fertilized egg, and thus may indirectbtiumas
“bulky DNA adducts”. Other lesions, such as single strand breaks, base damagesiaraapu
apyramidinic sites could be converted into DSBs by misrepair beforé@gyphase leading
chromosome-type aberrations at 1-Cl metaphase [23]. Studies with DNA replitoirs in
mouse zygotes after sperm treatment with X-rays and chemical agentgtvaded compelling

evidence that chromosomal aberrations were formed after fertilizatiogr than before [23-25].



Marchetti and Wyrobek

Finally, we recently obtained strong evidence that DSBs persisted undepatine sperm for at
least 7 days before fertilization and that improper repair of transmitted ByBie egg leads to
increases frequencies of zygotes with aberrations in paternal chroesabiCl metaphase
[26].

Substantial evidence indicates that tobacco smoking by either parent is agsotiat
increased risk of abnormal pregnancy outcomes. However, little is known of thanisas by
which tobacco smoking may damage germ cells and affect the developingefidirgcco
smoke contains numerous carcinogenic, mutagenic, and reproductive toxicants [27-30]. 1,3-
butadiene (BD) is one of the few constituents of tobacco smoke tested for beartebl
developmental effects in laboratory animals [31-34]. BD is classifiegesbable human
carcinogen [35] and is present in mainstream tobacco smoke at a concentration of 16-75
pg/cigarette and at higher concentrations (205-361 pg/cigarette) imesaesimoke [36], the
main constituent of environmental tobacco smoke or second-hand smoke. BD has marked
species differences in susceptibility to the carcinogenic effect, ppssiblto differences in
metabolism [37-40]. BD is metabolized by the cytochrome P-450-dependent momasgg¢o
1,2-epoxybutene-3 (EB), which is further metabolized by oxidation to diepoxybutang [BE=B
41]. DEB is a bifunctional alkylating agent that induces interstrand and intr&idA-DNA
crosslinks by alkylating two adjacent bases within the major grove of a DNA&x|44, 43] and
DNA-protein crosslinks [44-46]. DEB is both a somatic and germ cell mutagen imidarf47-
49]. Exposure of male rodents to DEB induces cytogenetic damage in meiot[6@f#dad in
zygotes [50, 51], as well as dominant lethality and heritable translocations irfisivengf [51].

The specific goals of this study were to determine: i) whether theyatfiliepairing

DEB-induced DNA damage declines as male germ cells progress throughogpseresis; ii)
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whether DEB-induced sperm lesions accumulate during spermiogenedie @ffeéctive
duration of the DNA repair-deficient phase of spermiogenesis afterdxg8sure; and, iv) the
dose-response curve for the induction of chromosomal aberrations in zygotesredtesiegle

or fractionated DEB exposure of male germ cells.
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MATERIAL AND METHODS
Animals and treatments

The use of vertebrate animals in these experiments was approved by both theceawre
Livermore National Laboratory and Lawrence Berkeley National Latwyranstitutional
Animal Care and Use Committees. B6C3F1 mice (Harlan Sprague-Dawlginthanapolis,

IN, USA) between 8 and 12 weeks of age were maintained under a 12 hr light/12 hr dark
photoperiod (light from 7.00 am to 7:00 pm) at room temperature of 21-23° C and relative
humidity of 50 + 5%. Food and water were providedibitum. Male mice were randomly
assigned to treated and control experimental groups.

All experimental treatment regimens are shown in Figure 1. The higbetst DEB dose
utilized in this study was selected based on published data [51] and initial exgerimehich
mice were treated with a dose of 42 mg/kg DEB (CAS No. 1464-53-5, Sigma) and nthated wi
untreated females seven days later. This DEB dose produced severe morbiditprstideed
by a significant reduction in the percentages of males that mated (30% vs 80%afsxont
therefore, its use was discontinued. DEB was dissolved in PBS and administered
intraperitoneally (i.p.) at the final volume of 0.01 ml/g body weight. For fyaated exposure
studies, males received daily doses of 4 mg/kg DEB for 1, 2, or 3 weeks beforeandting
allowed to mate 0, 7 or 14 days after the end of treatment (experiments 9 throughgl4)n Fi
To compare fractionated vs. single exposures, males were treated with 280&@kand
allowed to mate with untreated females 7, 14 or 21 days later (experiments 6, 7 argl &)in F
Finally, for the dose-response studies, male mice were treated with 2, 3, tkgdD& for

seven days and allowed to mate with untreated females on the day of the lashinject
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(experiments, 2, 4 and 9 in Fig. 1) or to 14, 21 and 28 mg/kg DEB administered acutely seven

days before mating (experiments 3, 5 and 6 in Fig. 1).

Preparation of zygotic metaphases and FISH

Female mice received an i.p. injection of 7.5 I.U. of pregnant mare's se@) §Ryma
Chemical Co., St. Louis. MO, USA) to increase the number of maturing ovariahefglli
followed 48 hr later by an i.p. injection of 5.0 I.U. of human chorionic gonadotrophin (hCG,
Sigma Co.) to induce ovulation. After the hCG injection, females were caged aleh (fh:1)
and checked for vaginal plugs 8 hr later. Mated females received an i.p. injection ofgtk§8 m
colchicine (CAS No. 64-86-8, Sigma Co.) dissolved in 0.2 ml of distilled water 24 hiH&tB&r
to prevent the union of the two parental pronuclei and arrest zygotic development at the
metaphase stage of the first cleavage division [21]. Mated females were eedHan2Q
inhalation 6 hr after colchicine injection, zygotes were flushed out from idadatducts and
processed according to the mass harvest procedure [52]. The prepared sbdais-erexd for at
least 24 hr at room temperature, then kept in nitr@gerosphere at -20°C until hybridization.

First-cleavage (1-Cl) metaphases were hybridized with a probe mpguataining ten
DNA composite painting probes: five biotin-labeled probes, each specific for chroe®4o3,
5, X or Y and five FITC-labeled probes, each specific for chromosomes 2, 4, 6, X or Y
(CAMBIO. Cambridge, UK). Amplification of the signals was obtained using #iglBIO
Dual Color Painting Kit (Biotin-Texas Red and FITC) as previously describedA>22iss
Axioplan2 fluorescent photomicroscope was used for cytogenetic analysis.idrbeaope was
equipped with a double-bandpass excitor (81P102, Chroma Technology, Brattleboro, VT) for
visualizing the red (Texas red) and green (FITC) signals; a triple-bsséjtar set (61002,

Chroma Technology) for the simultaneous detection of the red, green, and blue $IJARIS;
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and another DAPI filter set (487901, Zeiss) for visualizing DAPI fluorescenige Images of
normal and aberrant metaphases were captured using the Cytd¥isimging Analysis

System (Applied Image Biosystems Inc., Santa Clara, CA) and assamsbigdhe Adobe
Photoshop 5.0 software (Adobe System Incorporated, San Jose, CA). Metaphase awalysis a

scoring was done as previously described [53, 54].

Satistical analysis

For each experimental group, three-four independent matings each using 1anddl@s
females were used. The data from the three-four repetitions were pooled andrhdusadhe
standard error of the mean was calculated for all the endpoints measureggfar@-was
performed to assure that the observations within each group followed a Poisson distributi
this was not the case, a chi-square with adjustment for overdispersion [55] W&s test for

differences in the various endpoints between controls and treated groups.
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RESULTS

A total of 13 regimens of single or fractionated exposures to DEB plus contralsgFig
1) were used to investigate how the differential abilities of early spieisnktte spermatids and
sperm to repair DEB-induced damage affected the accumulation of DNA damagle igarm
cells and its transmission to the zygote. As shown in Figure 1, the duration betweed die
DEB exposure and fertilization was used to assess the relative seasitiwwisiperm (7-1 days
before fertilization, bdf), late spermatids (14-8 dbf) and early spern{@td$5 dbf) to the
induction of heritable DNA damage as detected using PAINT/DAPI anallstromosomal

aberrations at first metaphase after fertilization [53, 54, 56, 57].

Chromosomal aberrations detected in zygotes after repeated exposures of male germ cellsto
DEB

The cytogenetic results for single and fractionated DEB exposurelscava &1 Table 1.
Seven daily exposures of 4 mg/kg DEB significantly increased the freiggesf zygotes with
chromosomal aberrations when sperm and late spermatids were treated (p<0.00ielBigpd
and 10) but not when round spermatids were exposed (Experiment 11). These results show that
the last two weeks of mouse spermiogenesis, which corresponds to the period cfogserasss
that is thought to be DNA repair-deficient in prior studies [13-20], is also theigensgihdow
for induction of chromosomal aberrations in sperm after paternal exposure to DEB, duttthat
sperm and late spermatids are unable to repair DEB-induced damage.

To determine whether there was accumulation of heritable DNA damagenm, sper
results of the one-week exposures (experiments 9, 10 and 11) were used to predict the

frequencies of zygotes with chromosomal aberrations that would be expected in tveeskilt

10
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exposures (experiments 12, 13 and 14). For example, experiments 9 and 10 together covered the
same window of spermiogenesis as experiment 12. Based on the results ofiexisediand 10
(Table 1), we expected that 20% (11.8 plus 9.2) of the zygotes would have chromosomal
aberrations in experiment 12. The observed frequency of zygotes with chromosamagicaise

in experiment 12 (16.7%) was not different for the expected (P=0.3). Similarlyethencies

of zygotes with chromosomal aberrations in experiments 13 (8.7%) and 14 (16.4%) were not
different (P=0.5 and P=0.2, respectively) from those expected (10.3% and 21.1%) b&sed on t
results of the one-week exposures that covered the same window of spermipgenesis
(experiments 10 plus 11 for experiment 13; experiments 9 plus 10 plus 11 for experiment 14).
The concordance between the estimates of zygotes with chromosomal aberratidrslihe
one-week exposures (experiments 9, 10 and 11, Table 1) and those observed in multi-week
exposures (experiments 12, 13 and 14, Table 1) suggest that DEB-induced heritable damage

accumulates in late spermatids and sperm.

| dentification of the DNA repair-deficient window of mouse spermiogenesis

To investigate the efficiency of repairing DEB-induced heritable dandaring the three
weeks of spermiogenesis, we compared the results among the experiments ihevbashe
dose of DEB was given either as a single daily dose or fractionated overdsgie(Table 1 and
Figure 3). Administration of 28 mg/kg DEB as seven daily doses of 4 mg/kg each ttheriagt
week before mating (experiment 9) or as a single dose seven days befage(exaieriment 6)
produced similar frequencies of zygotes with chromosomal aberrations (11.8 vs. €0/%); P
This suggests that there was no detectable repair of DEB lesions duringf thedk before

mating and that DEB-induced damage accumulated during this time. However, when 28 mg/kg

11
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DEB was given as a single dose 14 days before mating (experiment 7), thedyeofurygotes

with chromosomal aberrations was significantly lower than that found when REB w
administered over 7 days (experiment 10; 4.2 vs. 9.2%, P<0.05; Figure 3A), but still higher than
control values (P<0.01). This indicates that some repair occurred for lesionginduday 14

before mating. Administration of 28 mg/kg DEB 21 days before fertilizatigpef@nent 8) did

not increase the frequency of zygotes with chromosomal aberrations witht tesjhec

spontaneous frequency as it was observed after repeated exposures of eadiydspe

(experiment 11). Collectively, these results indicates that early spésrage fully competent to
repair DEB-induced lesions, that late spermatids become less proificiesiton repair with

some DNA repair still occurring on day 14 before mating, and that sperm aresbelgnppair

deficient and prone to accumulation of heritable DNA damage.

Shape of the dose-response curve after single or repeated exposures to DEB

To characterize the shape of the dose-response curve for the induction of germ cell
lesions that lead to heritable chromosomal aberrations during the most sensitivey \of
spermiogenesis, male mice were treated with seven daily injections of 2, tkgiDiEB
(experiments 2, 4 and 9) and mated to untreated females immediately afést thgettion
(fractionated exposures). For single exposures, male mice were tretdd W21 or 28 mg/kg
DEB (experiments 3, 5 and 6) and mated to untreated females seven days lateulihefrine
dose-response study showed a linear-dose resp6r6e&; Figure 3B) and that the frequencies
of zygotes with chromosomal aberrations were dependent on the DEB dose but not on whether it
was given as a single dose or fractionated over seven days. The incre@sEsiiRbhe

frequencies of zygotes with chromosomal aberrations after treatment witty/kg DEB as a

12
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single dose or over seven days before mating did not reach statisticatarg@afbecause the
number of metaphases that were analyzed did not provide enough power to detect slich a sm
effect.

These results provide further evidence that during the DNA repair-defoeeontd of
spermiogenesis, there is accumulation of DNA lesions in sperm that areittechdéanthe zygote

where they originate chromosomal aberrations.

Subpopulation of spermwith highly damaged chromosomes

The analysis of zygotic metaphases using PAINT/DAPI highlighted thenmesé a
subset of zygotes with extremely high levels of cytogenetic damage in émegdathromosomes
(Figure 2B and Tables 1). These highly damaged paternal chromosomal centglerare
observed only in those experiments (4, 5, 6, 9, 12, and 14) that exposed male germ cells to DEB
as sperm (i.e., during the last week before mating) and represented about 2¥etd@tases
analyzed (31/1595) and ~17% of the abnormal metaphases found (31/182). The spectrum of
chromosomal aberrations observed in these highly damaged metaphases did natrdittestfr
observed in those with less chromosomal damage. Chromosomal exchanges and acentric
fragments represented the most common aberrations in both types of metagtesesedults
indicate that there is a subpopulation of sperm that is particularly sensitheedffects of DEB
and that highly damaged sperm are able to fertilize mouse eggs and support develoough

at least the first cell cycle after fertilization.

13
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DISCUSSION

We show that male postmeiotic germ cells differ in their abilitiesgairéEB-induced
lesions and that this has a significant impact on the amount of heritable genete daatas
transmitted to the zygote and converted into chromosomal structural aberrafiedk a
metaphase. Comparisons between single and fractionated exposure regimerethvee t
weeks of mouse spermiogenesis showed that: i) the last two weeks beiflizatien are the
critical time-window for the induction of heritable lesions in sperm afterpal exposure to
DEB; ii) heritable lesions accumulate in fertilizing sperm after exgostilate spermatids and
sperm; and iii) the DNA repair-deficient window of mouse spermiogen@siBEB-induced
lesions is less than two weeks long. Our findings are consistent with a three-wiodehfon
the differing sensitivity of spermiogenesis to DEB-induced damage. Thresewindows differ
in their chromatin organization and DNA repair competency (Figure 4). Duringplaé-
proficient window (1), characterized by efficient DNA repair capaaitd DNA complexed with
histones, DEB-induced lesions are repaired by the spermatid DNA repair mpemnddittle
DNA damage is transmitted to the zygote. During the transition window (Il),atkared by
declining DNA repair capacity and the replacement of histones with transigtens and
protamines, some lesions are not repaired and transmitted to the zygote. Deirigygpir
deficient window (lIl), characterized by the absence of DNA repair andbtheaction of DNA
by protamines, unrepaired DEB-induced lesions are transmitted to the zygapalded sperm
DNA lesions can be missrepaired by the egg repair machinery into chromoseamatians
during G1 and become visible at 1-Cl metaphase.

It is well known that chromosomal defects transmitted through male andefgerah

lines are associated with a variety of abnormal reproductive outcomes [58patitket parental

14
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origin of de novo genetic and chromosomal defects is not random: e.g., autosomal aneuploidy
has a preferential maternal origin [59], while point mutations and structural cboomal
rearrangements have a preferential paternal origin [60]. It has been propogedtimaeiotic
male germ cells are susceptible to the accumulation of DNA lesions in theifgrsperm
because the DNA repair capacity declines during the latter parehgmenesis [17]. Our
results provide two lines of evidence in support for the accumulation of heritable lgsrorg
the last two weeks of spermiogenesis: (i) the frequencies of zygotedwothasomal
aberrations found after exposing male mice to DEB for two or three weeks weliéerent
from those expected based on the results of the one-week exposures that coveresl pee@hm
of spermiogenesis (Table 1); (i) DEB administration as either sduage seven days before
mating or distributed over the last seven days immediately before mating ptciudar
frequencies of zygotes with paternally-derived chromosomal aberrationg @allhese results
demonstrate that DNA lesions induced during the last phase of spermiogenastsrapaired
and that continuous exposure during this sensitive window results in the accumulation of
heritable lesions. Once the sperm fertilizes the egg, these lesions gen@atediifie zygotic
S-phase and are missrepaired into the chromosomal exchanges or acententidlgat are
observed at 1-Cl metaphase (Figure 1). This unigue feature of male djeomology indicates
that the male is particularly vulnerable to exposure to environmental mutagens kisring t
sensitive window because such DNA lesions will persist unrepaired in sperm padilization
and once in the egg have the potential to generate chromosomal aberrations which have
detrimental effects on normal embryonic development [53].

Our results confirm and extend prior studies of the DNA repair-deficient wildowg

spermiogenesis [13-20]. The results of our experiments showed that the frequengogstex
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with chromosomal aberrations were significantly higher when a total dose aj/R§ BPEB was
given over days 14 through 8 before mating than when it was given as a single dose 14 days
before mating (Table 2 and Figure 3A). We interpret these results as evilahDNA repair is
still occurring on day 14 before mating when the spermatid DNA is still comgblexh
histones, and continues during the next few days as transition proteins replace.histenes
replacements of histones by transition proteins may provide DNA repaimeszaccess to the
damaged DNA and allows its repair. This is consistent with the observatioratigtion
proteins stimulate DNA repair [8]. Overall, our results show that late spdenth@se their DNA
repair capacity gradually over a period of several days as they cotm@etgplacement of
histones with transition proteins and protamines and that the window of no detedt#ble D
repair during spermiogenesis may be less than the two weeks that andlgainought.

The inability of late spermatids and sperm to repair heritable lesions ascthaymake
these cells particularly sensitive to exposures that persist over tinsecolthd be particularly
important for chronic exposures that occur because of occupational or lifestges (i.e.,
tobacco smoking) that may affect the genetic constitution of male germncels\weeks prior
to fertilization. Indeed, several studies have reported elevated levels obBd¢Adamage [61],
DNA adducts [62, 63] and DNA strand breaks [64] in sperm of smokers. Studies using FISH
have also shown that smokers have increased levels of chromosomal defects pretimejé’s-
67]. It is tempting to speculate that daily tobacco smoke may induce accumulatibidof D
damage in sperm especially during the last two or three weeks befoizterh and that even
moderate smoking may lead to accumulated detrimental effects on thie gaegtity of the

fertilizing sperm.

16
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We noted that a few of the fertilizing sperm had unusually high levels of chrorabsom
damage (Figure 2B). Data from previous studies from our laboratory using B6G&#(Fmure
5) showed that this is a common occurrence in male exposures that produced chromosomal
aberrations in the majority of the zygotes. As shown in Figure 4, zygotes wittusht
aberrations involving 7 or more paternal chromosomes were found only in treatments tha
produced chromosomal aberrations in >45% of the zygotes analyzed. In additions myitiote
highly damaged paternal chromosomal complements represented <10% of the abygotesl
However, in the present study, although DEB induced chromosomal aberrations in only 10-15%
of the zygotes analyzed, zygotes with highly damaged paternal chromosomaleniple
represented ~30% of the abnormal zygotes. A similar observation was previouskgdaport
mouse zygotes after paternal exposure to 26 mg/kg DEB [51] and suggests thatthere is
subpopulation of sperm that is highly susceptible to DEB. We speculate that this subpopulati
of sperm may have a more relaxed chromatin conformation that allows greatersoffib&A
intra- and inter-strand DEB adducts to be formed and hence greater numbers of chraimos
aberrations in zygotes. Regardless of the molecular mechanism underlyaxgtigte
sensitivity of this subpopulation of sperm to DEB, our results demonstrate thatvethdé
heritable damage in sperm do not affect fertilization and development during tlcelficstcle
after fertilization.

Comparisons of our results with the literature [49, 51], confirm the higher segsfivit
postmeiotic male germ cells to DEB as compared to female germTde#lyield of zygotes with
chromosomal structural aberrations is at least 3-fold higher after expoalaggametes to DEB
seven days before mating than after treating female gametes with & dwsia~2 days before

mating, which represent treatment of dictyate oocytes [49]. The differenceniigher when

17
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the amount of chromosomal damage is considered [49]. Although dictyate oocytes are
characterized by a diffuse chromatin state that is thought to make themlpdytisensitive to
DNA-interacting chemical agents [68-70], oocytes have fully functional DIpAire
mechanisms throughout oogenesis and provide gene products that are responsibleifgy repai
DNA damage in both parental genomes after fertilization [26, 71, 72]. Thereforekdlysthat
DNA lesions induced by DEB in oocytes are repaired before fertilizatidrbafore pronuclear
DNA synthesis takes place. Also, after oocyte exposure, chromatid-type aneb&zchanges
represented half of the aberrations that were observed at zygotic metad8jasedontrast,
exposure of male germ cells induced almost exclusively chromosomebigateons. Because
chromosome-type aberrations require the presence of a DNA double strand breakRéfore
synthesis begins, these results suggest that DEB-induced sperm DNA [@sidanced double
strand breaks before the oocyte repair machinery had the chance ohgethairoriginal DEB
lesion, most likely during the profound chromatin reorganization that occurs in the male
pronucleus immediately after fertilization and before pronuclear S-phasd [#3je findings
indicate that chromatin organization and, more importantly, DNA repair statasietgs have a
high impact on both the types and frequencies of chromosomal aberrations generajetes z
In conclusions, our results show that late postmeiotic male germ celldramay
susceptible to the accumulation of2 DNA lesions because of diminished DNAcapadaity
and that these lesions are transmitted to the fertilized egg where tlveyaeeted into
chromosomal aberrations during the first cell cycle after fertibratOur results also show that
continuous low dose exposures during the postmeiotic phase of spermatogenesis are as

detrimental as acute exposures. This has important implications for maleis regheductive
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years who are exposed to low levels of chemicals because of chronic occupmatidaastyle

(e.g. tobacco smoking) exposures in the weeks prior to successful fertilization.
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Table 1 — Chromosomal aberrations in first-cleavage (1-Cl) zygote metapHtsa®peated or

single exposures of male mice to DEB at various times prior to mating withated females.

Exp. Dose No.of Total doseMating No. of 1-Cl 1-Cl with aberrations

No. mg/kg doses mg/kg tinfe analyzed No. %+ SE.
1 0 7 0 0 288 2 0.7+0.3
2 2 7 14 0 225 5 22+%1
3 14 1 14 7 270 5 1.9+ 20
4 3 7 21 0 226 20(%) 8.8+4.4

5 21 1 21 7 288 16 3) 5.6+1.0

6 28 1 28 7 257 25@) 9.7+238

7 28 1 28 14 213 9 42 +6.6
8 28 1 28 21 227 3 1.3+0.2
9 4 7 28 0 323 38 (%) 11.8+4.8
10 4 7 28 7 262 24 9.2+82
11 4 7 28 14 278 3 1.1+0.8
12 4 14 52 0 294 49 (119 16.7+4.1
13 4 14 52 7 275 24 8.7+2%
14 4 21 84 0 207 345y 16.4+14

®Days between last DEB injection and day of mating.

PStandard error.

“Zygotes with structural aberrations affecting more than 6 paternal chooress
9P<0.001 vs. controls (Chi-square).

°P<0.01 vs. controls (Chi-square).

'P<0.05 vs. experiment 7 (Chi-square).

9P>0.14 vs. controls (Chi-square).
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Figure Legends

Figure 1.

Figure 2.

Figure 3.

Figure4.

Exposure regimens for the 14 experiments of the present study. A schenttagic of
last three weeks of mouse spermatogenesis is shown at the top. Below thatischem

the duration of each treatment and the administered daily dose of DEB are given.

Photomicrographs of mouse first-cleavage (1-Cl) zygotes collafiedexposing

male mice to DEB. Analysis of metaphases was done using multicolor FISHhgainti
probes with a probe combination that detects ~60% of all chromosomal exchanges.
With this combination, chromosomes 1, 3, and 5 appear red, chromosomes 2, 4, and 6
appear green and the sex chromosomes appear yéloWormal zygote with the Y-
bearing paternal chromosomes on the riBhPaternal chromosomes with extensive
damage in a zygote fertilized by a sperm from a male treated with DEB\piesof
chromosomal exchanges (arrows) and of acentric fragments (arroyvaeads

indicated.

Comparison of the frequencies of zygotes with chromosomal aberrationstater ei
single or fractionated exposures to DEB.For the time-response stuagale mice

were treated with 28 mg/kg DEB either as a single dose or as seven dadyptldse

mg/kg and mated with untreated females. The numbers in parentheses tteder t
experiment numbers of Figure 1. Bars represent the standard error. *P<0.05 vs. single
exposureB. For thedose-response study, male mice were treated with 14, 21 or 28
mg/kg DEB either as single doses seven days before mating or distobeteskven

days. The numbers in parentheses refer to the experiment numbers of Figure 1. Bars

represent the standard error.

Three-window model for the sensitivity of spermiogenesis to DEB-inducedgtam
A schema of spermiogenesis is shown with the timing of appearance ofdransit
proteins (TP) and protamines (based on Meistrich et al 2003). See Discussion for

explanation.
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Figure5. Comparisons of the distribution of damaged zygotes after paternal DEB exposure
with other paternal exposure studies. The chemicals are ranked by increasing
percentages of abnormal zygotes. For DEB, the data from experiments 4, 5, 6, 9, 12
and 14 were used (182/1595). As the frequencies of zygotes with chromosomal
aberrations increase so do the proportions of zygotes with more than 2 chromosomal
aberrations. DEB has a profile that is similar to those produced by expostires tha
generate much higher frequencies of zygotes with chromosomal aberrations. C:
controls; ET: Etoposide; DEB: diepoxybutane; AA: acrylamide; IR: ionizing
radiation; CP: cyclophosphamide; MMS: methyl methanesulphonate; MLP:
melphalan. Data from (41) for acrylamide; (42) for etoposide; and (38) fottikee

chemicals.
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Figure 2
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37



	Animals and treatments
	
	Preparation of zygotic metaphases and FISH
	Statistical analysis
	Identification of the DNA repair-deficient window of mouse spermiogenesis


	Shape of the dose-response curve after single or repeated exposures to DEB

